ABSTRACT: Spray-deposition is a low-cost, roll-to-roll compatible technique that could potentially replace spin-coating for the deposition of highly efficient perovskite solar cells. Here, perovskite active layers were fabricated in air using an ultrasonic spray system and compared with equivalent spin-coated films. A chlorine-containing perovskite ink with a wide processing window coupled with an antisolvent extraction resulted in perovskite films with relatively rougher surfaces than those spin-coated. A power conversion efficiency (PCE) of 17.3% was achieved with an average of 16.3% from 24 devices. Despite observing differences in film roughness and structure, the performance of sprayed perovskite solar cells was comparable to that of the spincoated cells processed in an inert atmosphere, showing the versatility of perovskite processing.
P erovskite solar cells have recently attracted enormous attention. Perovskites as an absorber material possess exceptional optoelectronic properties and versatility due to an extensive variety of elemental combinations incorporated into one of the three lattice sites of the general ABX 3 perovskite structure. 1 Another advantage of perovskite solar cells is that it uses relatively inexpensive materials. The processing is vacuumfree and at low-temperature from solution. The power conversion efficiency (PCE) of organic−inorganic metal halides perovskite solar cells has increased to an impressive 22.7% in only a few years.
2 However, to date, the most efficient devices have been fabricated using spin-coating which is inefficient in its use of materials and does not lend itself to industrial scaling.
Spray-coating is a relatively simple, low-cost atmospheric deposition technique which has high material utilization− efficiency and high throughput. It is also an attractive technique from a manufacturing perspective. Different deposition methods often result in different nucleation and crystal growth mechanisms. Therefore, film morphology and performance is not easily transferable from one deposition method to another. 3, 4 An additional challenge is the application of the antisolvent commonly used during spin-coating to form a highly uniform and smooth perovskite thin film. 5 An antisolvent, typically chlorobenzene or toluene, is added during spin-coating within seconds, which would be a challenge to apply in a scalable technique. Several groups using spraycoating as a deposition method have overcome the antisolvent issue by spraying on substrates at temperatures higher than room temperature. The highest-efficiency perovskite solar cell (18.3%) fabricated using spray-coating was deposited at a substrate temperature of 120°C. 6 Recently Zhu and van Hest et al. developed a versatile perovskite ink with a wide processing window suitable for spin-coating as well as blade-coating. 4 The solvent combination of N,N-dimethylformamide (DMF) and N-methyl-2-pyrroilidinone (NMP) with a carefully optimized ratio was shown to extend the precursor film processing time (or antisolvent application time) from seconds to minutes.
In the present work, we demonstrate an application of the chlorine (Cl)-containing methylamine lead iodide (MAPbI 3 ) ink with a wide processing window for spray-coating perovskite solar cells in ambient conditions. By this means, we demonstrate that this ink has an even better versatility and transferability and can be used in a scalable deposition method such as spraying. The optimization process of the spraying conditions is described. The performance of a spray-coated device is compared to that of a reference spin-coated cell.
■ RESULTS AND DISCUSSION
Initially, an optimization of the spraying conditions was carried out to obtain a pinhole-free, semitransparent film with optimum thickness and low surface roughness. During spraying, a balance was established between the supply of precursor solution (solution flow rate) and the evaporation of solvents during the drying of the wet film (solvent characteristics). The NMP in the solvent mixture substitutes for the commonly used dimethyl sulfoxide (DMSO). This has the advantage of a high boiling point (204°C) and low vapor pressure (0.038 kPa at 20°C
). Therefore, the use of a mixture with fast-evaporating DMF (boiling point, 154°C; vapor pressure, 0.36 kPa at 20°C) extends the duration of the wet-stage. This is important in spraying as a wet film is required at the end of the deposition process which can persist longer than with spin-coating, when large-area substrates are to be coated. In the following antisolvent bath stage, the excess polar precursor solvent from the wet film is effectively extracted with the nonpolar diethyl ether allowing for a rapid crystallization and formation of a uniform, smooth, and semitransparent perovskite thin film. This concept is also known as solvent−solvent extraction used for room-temperature crystallization of perovskite thin films. 7, 8 In this postdeposition solvent removal approach, the lowtemperature bath promotes a high nuclei density for better film coverage, and the subsequent anneal at 150°C results in grain coarsening. By this means, the undesirable competition between nucleation and coarsening, also referred to as Ostwald ripening, is avoided. 9 However, if the delay between the precursor film being deposited and the antisolvent bath is too long, the film will rapidly change its appearance from clear to hazy and consequently have a negative effect on the device performance. Moreover, using a highly viscous NMP (1.67 mPa s) in the final 9/8 v/v NMP/DMF mixture resulted in a perovskite ink with a suitable viscosity for spraying for a wide range of flow rates and good surface wettability.
Optimum thickness is one of the critical parameters for highefficiency perovskite solar cells. If the perovskite film is too thin, not all photons will be absorbed resulting in reduced photocurrents. However, if the perovskite film is too thick, the efficiency of the charge carrier extraction is reduced and recombination becomes more severe, again resulting in reduced photocurrents. A thickness in the range 300−600 nm is commonly used for highly efficient devices.
10 Figure 1 shows the evolution of the spray-coated film thickness and roughness as a function of the solution flow rate and automated stage speed. Figure S1 of the Supporting Information displays a roughness profile of a perovskite film typically obtained from average of 9000 data points over 500 μm measured using a DekTak Stylus Profiler.
The precursor solution flow rate was varied from 0.02 to 0.06 mL/min using a 50 mm/s stage speed. As expected, the film thickness increased with the increase in flow rate, but the film roughness (Ra: arithmetic average deviation) also increased dramatically with flows over 0.04 mL/min. The speeds were varied from 8.3 to 50 mm/s with the flow rate kept constant at 0.03 mL/min. The thickness decreased from over 1 μm to approximately 420 nm at the highest stage speed employed (50 mm/s). Along with the thickness, the surface roughness decreased, reaching ≈5.0 nm for the 0.03 mL/min and 50 mm/s sample. In comparison, a spin-coated perovskite film was approximately 380 nm thick with a Ra roughness coefficient of ≈3.2 nm. Figure 2 shows bright-field microscope images and photographs of the spin-and spray-coated films deposited on glass substrates. Square inch sized glass substrates were used in order to facilitate and accelerate the spraying optimization process and allow for a direct comparison with a small-area spin-coating method. However, substrates of a larger area can be coated using the spraying setup described in the Supporting Information. Pinhole-free films with full substrate coverage are obtained by ultrasonic spraying using a 0.03 mL/min solution flow rate and 50 mm/s stage speed. The microscope images confirm that the sprayed films have higher surface 
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Letter roughness than those spin-coated. Nonetheless, a difference in the film morphology is not expected as the coating method only deposits the wet film. Drying of the film and subsequent crystallization occur during the antisolvent bath; therefore, after the deposition the films are equal (independent of the deposition method) and as such the final film is equal as well. Furthermore, the same film morphology after using bladecoating and spin-coating has been evidenced in our previous study using the same solution chemistry. 4 Figure 3a compares the absorption spectra of the films deposited by spin-and spray-coating. The absorbance of the sprayed film is slightly higher than the spin-coated film. This is likely due to the greater thickness and roughness of the sprayed films. Other processes such as crystallization changes could be happening, although this is unlikely, considering the similar PV performance obtained from both of these devices. Figure 3b compares the XRD patterns for the spin-and spray-coated films. The main perovskite XRD peaks (e.g., 2θ ∼14.1°and ∼28.4°) are present with strong intensity. There is a small shift of these peaks toward higher 2θ angles (14.25°and 28.55°) for the sprayed film. This can originate from the formation of intermediate states or stress in different processing methods. 4 The XRD peak at 28.4°is a double peak caused by phase impurities, such as the coexistence of cubic and tetragonal phases of the perovskite material.
The device PCE statistics for perovskite solar cells fabricated with spin-and spray-coated active layers extracted from J−V curves in forward and reverse scan of 24 devices from each coating approach are shown in Figure 4a . The PCEs from the reverse scan of samples made using spray-coating have similar values but a much tighter distribution when compared with those of the spin-coated devices, suggesting more consistent processing with spray-coating. In both processing methods, severe hysteresis is observed. This can be attributed to the conduction band misalignment between SnO 2 and MAPbI 3 .
11
Data might suggest that the forward scan PCE is slightly lower for the sprayed devices compared to the spin-coated devices. Hysteresis in perovskite solar cells is generally attributed to the property of the perovskite and the interface between the charge collection layers and the perovskite. 12 In sprayed perovskite cells, the interfaces with the spin-coated SnO 2 as electron transport layer (ETL) and spin-coated spiro-OMeTAD as hole transport layer (HTL) are of lower quality due to the higher surface roughness of the perovskite. Therefore, more pronounced hysteresis is expected from these films. There is potential to reduce the hysteresis and improve the PCE by including a [6, 6] -phenyl-C61-butyric acid methyl ester (PCBM) layer between the ETL and perovskite films. Table 1 summarizes the average and standard deviation of the PV performance indicators of 24 devices extracted from reversely scanned J−V curves for each deposition technique. Table 1 confirms that, in reverse bias, the PCE of sprayed devices is identical to the PCE of the spin-coated devices as shown in Figure 4a . The same PCE was obtained even though the spin-coating was performed in an inert atmosphere of a N 2 glovebox and spraying was performed in ambient air. The different deposition environment does not seem to affect the chemistry used. Sprayed devices demonstrate higher opencircuit voltage (V OC ) and short-circuit current (J SC ), but have a lower fill factors (FF) than spin-coated devices. The differences in the PV parameters are due to different film formation mechanisms occurring when the perovskite layers were 
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Letter deposited using the different methods. Except for the crystallization process (diethyl ether bathing), the initial wet film preparation was different for the two deposition methods. While in spin-coating the film formation is driven by the centrifugal force of spinning, the sprayed films are formed by coalescing of solution droplets that reached the substrate. A higher film thickness and roughness could explain the higher J SC in the sprayed film. Lower FF in the sprayed devices can be attributed to a poorer interface between SnO 2 and perovskite causing a higher resistance with the contact layers. Figure 4b ,c shows the J−V curve and the stabilized power output (SPO) monitored over time near the maximum power point of the champion device obtained with a sprayed perovskite active layer. The voltage was held constant at 0.86 V for 180 s to measure the SPO. J−V hysteretic behavior and lower SPO are often reported in the literature for SnO 2 / MAPbI 3 perovskite solar cells. 14, 15 4 
■ CONCLUSIONS
Perovskite films suitable for use in thin-film solar cells were successfully deposited using a low-cost large-area ultrasonic spraying technique in ambient conditions. A perovskite ink with a wide processing window for the application of an antisolvent and significantly reduced annealing time was chosen as a precursor solution. After optimizing the spraying conditions, the sprayed perovskite solar cells achieved a PCE of 17.29%. Despite the rougher surface morphology and a small shift in the XRD peaks of sprayed perovskite films, the resulting device performance was comparable to the reference cells fabricated using a spin-coated perovskite precursor. This similar performance achieved with different processing methods indicates the versatility of the perovskite thin-film processing and could potentially bridge the gap between the PCEs of laboratory-scale and large-area perovskite deposition methods. 16 Figure 4. Comparison of device PCE distribution using spin-and spray-coated perovskite solar cells measured in reverse and forward bias (a). J−V curves with both forward and reverse scans (b) and stabilized power output near maximum power point (c) for the champion sprayed perovskite device. 
